Th e c he mi ca l degradat ion of refra c tory ce me nt castabl e li ne rs is import a nt in the coal gas ifi cati on process . Th e syste m CaO-A I20,,-H20 has been investi gated a t hi gh te mperature and pressure. A pseudobi nary reac ti on diag ram was con stru c ted for the syste nl CaO-A I20 ,,-H20 in stea m a t 1000 ps ig. Several ex pe rime nt s we re conduc ted in th e CaO-A l20,,-H20 syste m in CO2, CH4 , and CO . Key wo rd s : Alumina ceme nt s; CaO· AI20,, ' H20; coa l gasifi ca ti on; refractory ceme nt s .
Introduction
The process of coal gasification requires the handling and containment of cOlTosive gases at high temperature and pressure . Alt hough th e chemical composition of th e gaseous environment found to occur in coal gasifi cation reactors varies depending on the processes e mployed , th ey generally contain CO, CO2, H 2, H20, and CH4 as major constitu e nts and C2H6 , H2S, and N2 as minor constitu en ts. Thi s investigation was concerned with th e c hemi cal degradation produced by th e interaction of hi gh pressu re H20 , CO , and CO2 with some of th e phases forming th e hot castable high purity calc iu m aluminat e lin er material found in many operating coal gasifiers. The principal constituents of this castable liner material are calcium aluminates and alumina.
Specimen Preparation and Test Methods
For most of the hydration experiments, pure, well-characterized, starting materials were employed. The compositions 3CaO . A120 3 , CaO' A120 3 , CaO' 2A120 3, and CaO' 6Al20 3 were prepared from high purity CaC03 and A120 3 . These admixtures were ground and calcined at 700°C for 60 hours, 1000 °C for 16 hours, and 1500 °C for 60 hours. The three compositions highest in Al20 3 content were reheated for an additional 60 hours at 1550 0c. All of th ese materials, synthesized in air, were characterized by x-ray powd,er diffraction techniques and found to be single phase.
Th ese single phase mate rial s we re placed in small platinum tubes , with calculated, weighed amounts of H 20 and sealed. The tubes we re heated by conve ntion al hydroth ermal techniques, quenched, opened, and dried. The reaction products were identifi ed by x-ray powder diffraction. Materials reacted in other environments were treated similarly except that th ey we re heated in open platinum tubes in the absence of introduced H20.
• This work was supported in pari by ERDA:FE Contract No. 14-32-0001-1749 and s hort er versions of thi s paper have bee n included liS parts of ERDA Quarterly Report s.
Results and Discussion

System CaO-AI20 3 in Steam
Considerable information on th e CaO-AI203-H20 system has been reported in th e literature. The work of Peppler and Wells [1 r and Majumdar and Roy [2] summarize most of our present knowl edge of thi s sys tem. Nurse et a1. [3] found that 12CaO' 7 Ab03 melts congru e ntl y at 1392 °C in a tm osph e ri c air. In dry air, preform ed 12CaO' 7 A1 20 3 melts incongruently to CaO' Al20 3 and a liquid at 1374 °C. He furth er conclud ed that th e 12CaO' 7 Al20 3 compound did not have a field of sta bility in th e s tri ctl y anh ydrou s CaO-A1203 system.
For the purpose of s tud ying the solid state reac tion s encountered with steam in a coal gasifi er th e solubilit y data of Peppler and Well s we re reinte rpreted with th e vi ew of integrating th e data with those of Majumdar and Roy. Thi s was accompli shed by constru cting th e diagram, figure 1, from th e data given by P eppler and Wells and Majumdar and Roy and from th e data in table I. From these low temperature data, it was possible to predi ct th e behavior at 1000 0c. The refore, it was necessary only to verify th at portion of th e system whi ch could directly affect the operation of a coal gasifier at 1000 °C and 1000 psig 2 of steam.
To verify the reac tions whi ch occur in th e CaO-AI20 3-H20 system at high te mperatures and pressures a seri es of experiments were conduc ted and th e results are given in table II. A pseudobinary reaction diagram, figure 2, was constructed from th e data in tabl e II. In constru c ting figure 2 , it was necessa ry to neglect th e starting phases and assume th e various s tarting material s would approach th e same equi librium products in any given temperature, pressure, time seque nce.
From figure 2 it can be seen that the first hydrate form ed, 3CaO' A1 20 3 ' 6H20, is unstable and dissociates, above room temperature, to form Ca(OHh and 4CaO' 3A120 3 ' 3H20. Preformed 3CaO' Al20 3 was found to have a minimum dissociation temperature in excess of 1000 °C and 1000 psig steam. The 1000 °C and 1000 psig data were obtained using a TZM (titanium-zirconiu m-molybdenum alloy)3 apparatus. 3 Certain commerciall y available materials or instruments are identified in this publication for the purpose of providing a complete description of the work performed. The experiments reported do not constitute a complete evaluation of the performance characteristics of the products so identified. In no case does such identification imply recommendation or endorsement by the Nationa l Bureau of Standards nor does it imply that the items identified are necessarily the best available for the purpose.
The maximum and mlOimum dissociation temperatures for the 12CaO' 7 Al20 3 have not been established . However, the minimum dissociation temperature is probably in excess of 400°C and the compound should be stable up to the melting point of 1392 °C. The hydrate 4CaO' 3A120 3 ' 3H20 forms in a wet atmosphere at about 20°C and is stable up to abou t 600°C in 1000 psig steam. The compounds CaO ' Al20 3 and CaO' 2AI20 3 were found to exist at temperatures in excess • = e xpe rim e nta l poin ts of 1000 °C and to hydrate below 400°C. Th e compounds CaO' A120 3, CaO' 2Al20 3 and CaO' 6A120 3 , ex pe rim entally, appear to have th e same minimum tempera ture of stabilit y since a t these relatively low te mpe ratures th e reaction s occur very slowl y. It has not been poss ible to delin eate these b oundaries; therefore , the region of un cert aint y is shaded in th e diagra m, fi gure 2. At a temperature below approximately 400-450 °C, these phases di ssoc iate into boehmite (AI20 3 ' H 2 0) and 4CaO ' 3A120 3 ' 3H20. The phase transition between boe hmite and Ab03 in th e pressure range of 1000 psig was not dete rmined .
In a cement whi ch in itiall y consists of CaO' Ab03 and CaO ' 2Al20 3 with Ab03 grog, th e 3CaO ' A120 3' 6H20 ori ginall y form ed after th e additi on of H20 will transform rapidly upon the in cre ase of pressure and temperature to fOt-m 4CaO' 3A120 3 ' 3 H20. Th is phase will th en react at slowly inc reas ing tempera tures to form , first, 12CaO ' 7 Al20 3 plus CaO . Al20 3 a nd the n, eventu al! y, CaO' 6Al20 3 plu s AI20 a, if th e wh ole product att a ins equilibrium.
Several ex pe rim ents were conduc ted at hi gh temperature in CO2 (860 psig) a nd th e results are give n in table III.
Th e data given in table III indi ca te th at th e reac tions whi ch occur in a CO2 e nvironment are simil a r to those occulTing in s team. The re a re seve ral exception s. Th e 4CaO' 3A120 3 ' 3H 20 phase at 500°C is s tab le in stea m but in CO2 partially decomposes to CaC 0 3 + A120 3. At 600 °C( 860 psig CO2 , that portion of th e 4CaO' 3AI20 ;J' 3H20, which has not reacted with th e CO2, dehydrates to form a cubic phase with a == 8.9 A, whi ch is appa re ntl y th e aluminate analog of sodalite (Ca4AI60 13, analogous to Na4A13Si3012Cl) . The occurre nce of th e calcium aluminate analog of sodalite was reported by Ponomarev, Kh e ibe r, a nd Belov [4] to form by dehyd ra tion in air from hydrothe rm all y grown single crystals. Several experime nts ind ica te th at other CaO-A1203 phases may also be stable with respect to the CaC03-A120 3 system under th ese conditi ons . Two specimens consIsting of CA-25, a commercially available calcium aluminate cement, and 4CaO . 3Al20 3 • 3H20 were heated in a methane environment at 800°C for two weeks at 1000 psig. The x-ray powder pattern of the CA-25 specimen showed the CaO' A120 3 , CaO' 2Al20 3 and Al20 3 which were present in the original CA-25 plus an unknown phase with a line at about 24° 28 (CuKa radiation). This unknown phase did not appear to be calcium formate. The 4CaO . 3Al20 3 • 3H20 contains 12CaO' 7 Ah03 and CaO . A120 3 • These are the same reaction products as those occurring under 1000 psig steam at the same composition and temperature. Table IV summarizes the results.
Four compositions were heated in CO (Table V) at 1000 psig and 700°C for llO hours. The x-ray pattern of the " Table III 
1: 6 500 860 720 1: 6 + tr Cl-A1 2 0 3 1:6 + 1 :6 ~ All bulk starting materials, which were spectrographically pure, were mixed and calcined for sufficient time and at a temperature to obtain single phase materials . These specimens were heated in a conventional hydrothermal bOOlb in open Pt tube and were quenched by water i mmersion from the temperatures indi cated.
£( The phases identified are given in order of the amount present (greatest amount first) at room temperature.
These phases are not necessarily those present at the temperature to which the specimen was heated.
Y The following short notations were used for clarity: Y Unknown dehydration product (major peak, = 3.697)
V Unknown dehydration product (major peak, = 3.620) sample which was initially CaO' Ab03 showed a mixture of CaO ' Al20 3 and CaO' 2A120 3 . The 4CaO' 3A1 2 0 3' 3H20 showed the same decompositio n products as those heated in CO2• The CA-25 x-ray pattern s how ed mixtures of CaC03 , A120 3 , CaO· 2AI20:J a nd CaO' AJ 20 3 • The CaO' 2Al20 3 showed no reaction.
Summary
Many questions ,-emain unanswered which could not be investigated in thi s study. However, th e following observation s should be noted: 2. The cementitious phases 3CaO' A1 2 0:l . 6H20 and 4CaO ' 3A120 3 • 3H20 are not stable at any hi gher temperature in 1000 psig ste am than th ey are at atmospheric pressure.
3 . The compound 4CaO' 3Al20 3 • 3H20 decomposes to metastable phases in dry atmospheres suc h as CO2 or CO and di!"ectly to the stable phases in steam. Y The phases identified are given in orde r of the amount present (greatest amount first) at room tefTIpef'ature . TI,ese phases are not necessarily those present at the tef:".peratur e to which thE> s pec i n en ~Ia shea ted. ~I All bulk startinq materials, which were srectrographically pure , were mixec ard calcined for sufficient ti me and at a t€fTlperature to ohtain sinq1e phas e materials. These specimens were heated i n an oren platinum tube in a conventional hydrothemal borr h.
Y ThE rhases identified are giver. in order of the amount present (greatest amount first) at room tCli r-erature. These phases are not necessarily t hose presen t at the temperature to what the s peci l'len \~as I~eated , ~/ This nateria l is a dehydration product which appears to be the ca1cit;m aluminate i'lna10g c f 4 . Most of th e phases in the CaO-AI20 :r H20 system are not s table in CO2 (860 psig) with res pect to the system CaC 0 3 -AI20 3 · In order to dete rmine th e possible deleteri ous effects of the combined gaseous atmospheres present in a coal gas ifi er, a consid e rably more detai led stud y mu st be made of the CaO-AI20 3-H20 system, especially in CH4 and in va ri ous gaseous combinati ons.
